Abstract Pancreas transplantation is a therapeutic option for patients with type 1 diabetes. Advances in immunosuppression have reduced immunologic failures, and these are usually categorized as chronic rejection. Yet studies in our cohort of pancreas transplant recipients identified several patients in whom chronic islet autoimmunity led to recurrent diabetes, despite immunosuppression that prevented rejection. Recurrent diabetes in our cohort is as frequent as chronic rejection, and thus is a significant cause of immunologic graft failure. Our studies demonstrated islet autoimmunity by the presence of autoantibodies and autoreactive T cells, which mediated ß-cell destruction in a transplantation model. Biopsy of the transplanted pancreas revealed variable degrees of ß-cell loss, with or without insulitis, in the absence of pancreas and kidney transplant rejection. Additional research is needed to better understand recurrent disease and to identify new treatment regimens that can suppress autoimmunity, as in our experience this is not effectively inhibited by conventional immunosuppression.
Introduction
Over 23,000 patients with type 1 diabetes (T1D) have received a pancreas transplant (PT) in the United States [1] . Most transplant recipients receive organs from deceased donors. The majority (74%) received simultaneous pancreas-kidney transplants (SPK); pancreas after kidney transplants (PAK) and pancreas transplants alone (PTA) have been performed less frequently. The University of Miami Pancreas Transplant Program was established in 1990. As of January 2011, the program has performed over 400 PTs. Approximately 95% were SPK, 4% were PAK, and 1% were PTA transplants. All patients had been determined to have T1D by clinical history, insulin dependence, and C-peptide determination (<0.1 ng/mL stimulated, predominantly by Sustacal challenge test). All patients have had components of diabetic triopathy (neuropathy, nephropathy, and/or retinopathy). Most had gastroparesis and reduced hypoglycemia awareness. From a technical standpoint, the PTs have been performed with portal vein-systemic venous drainage (bypassing the liver) and with duodenal transplant-bladder exocrine drainage (all but two recipients). The latter technique allows for measurement of urine amylase, and avoids enteric contamination at the time of pancreas transplantation. The immunosuppression has evolved over the past two decades, and currently includes induction antibody therapy with an anti-CD25 monoclonal antibody and Thymoglobulin (Genzyme Corp., Cambridge, MA) [2] , tacrolimus (levels 5-7 ng/mL), low-dose steroids, and either rapamycin (levels 5-7 ng/mL) or mycophenolate mofetil. Unpublished estimates of our current 10-year survival rates are 78% patient, 94% pancreas (deathcensored), and 76% kidney (death-censored).
The ongoing follow-up of about 200 SPK patients transplanted at the University of Miami during the past two decades shows that approximately 15% of our recipients will eventually return to the clinic with hyperglycemia, many of them requiring the reinstitution of insulin therapy. Among these patients, the apparent causes of hyperglycemia include 1) chronic rejection of the pancreas (5% to 6%); 2) post-transplant diabetes mellitus (PTDM, 6% to 7%), with insulin resistance secondary to obesity, weight gain, and/or medications [3, 4] ; 3) late PT thrombosis (rare); and 4) T1D recurrence (T1DR, 5% to 6%).
Recurrence of T1D After Pancreas Transplantation
Recurrence of autoimmunity after PT was originally described in twins and HLA-identical siblings from the Minnesota series [5] [6] [7] , who received no or mild immunosuppression. Other studies contributed evidence that recurrence of islet autoimmunity can occur regardless of HLA sharing [8] and despite immunosuppression [9, 10•, 11•] , and can be another important cause of immunologic failure, both in pancreas and islet cell transplantation [5] [6] [7] [8] [9] [12] [13] [14] [15] [16] [17] [18] [19] . Diabetes recurrence was less than 10% in a large series of recipients of deceased donor grafts given immunosuppression sufficient to prevent rejection in the 1980s [5] [6] [7] 12] . Studies of autoantibodies have also shown an association of autoimmunity with graft loss in immunosuppressed recipients [13] [14] [15] [16] [17] , albeit these earlier studies did not have biopsy data and did not assess circulating autoreactive T cells. T1DR has not been traditionally considered a common cause of hyperglycemia after transplantation, given the assumption that immunosuppression that prevents rejection also suppresses autoimmunity.
In our cohort, patients with T1DR typically present with new-onset hyperglycemia in the context of falling C-peptide with normal/unchanged creatinine and persistent/unchanged levels of urine amylase (an indicator of exocrine PT function). Presentation has varied from 2.5 to over 10 years following transplantation. On occasion, this has been accompanied by significant weight gain/obesity. Thus, although patients who develop T1DR may also have clinical features of PTDM, the hyperglycemia appears to be a β-cell-specific process and to be largely independent of rejection. Both kidney (same donor) and pancreatic exocrine function (urine amylase) remain unchanged in patients who develop T1DR. In our cohort, we have evaluated PT recipient's stored sera for the presence of T1D-associated autoantibodies, specifically anti-GAD65, anti-IA-2, and anti-ZnT8. Among most patients with T1DR, autoantibodies appear to be a clear risk factor for T1DR, both from ours [20] and earlier studies [17, 21] . In our cohort, autoantibodies usually become detectable during the first 3 to 5 years following transplantation, and patients develop hyperglycemia within another 3 to 5 years; however, these intervals may vary, and individual patients may exhibit shorter or longer intervals.
We have obtained PT biopsies (a cubic centimeter of the tail) through surgery in most patients with clinical evidence of T1DR, to confirm diagnosis and guide possible therapeutic strategies [10•] . Although percutaneous biopsies yielded insufficient material, extensive examination of the open biopsies allowed us to demonstrate insulitis and/or β-cell loss, with T-cell (CD3, CD4, CD8) and B-cell (CD20) infiltrates, as well as variable insulin staining [10•] . In the infiltrates, T cells ( Fig. 1) were clearly more abundant than B cells. The severity of insulitis was variable. In these biopsies, we have not detected rejection in either the kidney or the PTs. Furthermore, the peripheral blood of most of these patients has been evaluated for T cells specific for diabetes-related autoantigens, and found to contain autor-eactive CD4 and CD8 T cells [10•, 22] . In selected patients, we could also identify autoreactive T cells in PT tissue or in PT lymph nodes, which corresponded to those detected in the circulation [10•, 23] . In one patient, GAD65-specific autoreactive CD4 T cells expressed the same V-β type and CDR3 sequence in the blood and PT lymph node [10•] . Thus, we have been able to identify the cardinal features of autoimmune recurrence in these patients, including recurrent hyperglycemia, autoantibodies preceding the hyperglycemia, biopsy demonstrating insulitis (not rejection) with variable insulin staining, and autoreactive T cells (CD4/CD8).
These investigations in patients have led to several observations: 1) the identification of insulin-positive, ductal cells in the PT of most patients with T1DR; 2) therapeutic intervention, for those SPK recipients with T1DR in whom we found insulitis and residual insulin staining in the PT biopsy, and who also had residual C-peptide secretion; or, re-transplantation of the pancreas in the absence of circulating C-peptide and of residual insulin staining in the islets of the PT; 3) the demonstration of the cytotoxic effect of SPK patients' GAD65-specific CD4 T cells on human β cells, in vivo, when co-transplanted in immunodeficient mice; and finally 4) the generation of evidence suggesting the autoantigen-specific T cells are likely to have memory cell properties. These findings are summarized in the following paragraphs.
Insulin Protein and Proliferation in Ductal Cells of Patients with T1DR
T1D is an autoimmune disease resulting in the destruction of pancreatic β cells and insulin dependence. However, residual insulin secretion is often detected at disease onset and marginal amounts of C-peptide can occur many years after diagnosis [24] . Evidence for transdifferentiation and regeneration has been reported in various experimental conditions [25] [26] [27] [28] [29] [30] . Pancreatic cells with features of ductal and β cells in pancreatic ducts have been identified by electron microscopy [31] . Growing evidence suggests that ductal cells or precursors in the ducts may also be involved in β-cell regeneration [26] ; for example, human ductal cells transplanted into immunodeficient mice differentiate into new β cells [32] . Rare insulin-positive cells in pancreatic ducts were reported in the pancreas of patients with longstanding T1D [30, 33] . There is growing evidence that pancreatic tissue damage may trigger regenerative and remodeling mechanisms that may contribute to β-cell neogenesis [26, 34] .
We could examine PT biopsies from nine SPK patients with (n=6) or without (n=3) recurrent autoimmunity and pancreas biopsies from nondiabetic organ donors using immunohistochemistry and immunofluorescence [35] . Numerous cytokeratin-19 + (CK-19) pancreatic ductal cells stained for insulin among the SPK recipients with T1DR. These cells also stained for the transcription factor pancreatic duodenal homeobox-1 (Pdx-1), which is implicated in pancreatic development and β-cell differentiation [36] . Between 33% and 90% of the ductal cells examined stained for insulin, with 17% to 95% of the ducts having insulin-positive CK-19 + cells; most, although not all, ductal cells stained for insulin in those ducts that contained insulin-positive CK-19 + cells. This suggested that, at least in some patients, these phenomena were quite extensive.
The patient with the most severe β-cell destruction and complete loss of C-peptide secretion at the time of biopsy was the one with the highest number of ducts containing insulin-positive CK-19 + cells. In this patient, insulinpositive CK-19 + Pdx-1 + cells also stained for the Ki-67 antigen, indicating proliferation. Ki-67 + β cells could not be detected within the islets in any of the PT biopsies examined. Some insulin-positive cells within the ducts were CK-19 -and also stained for chromogranin A, suggesting further endocrine differentiation. Insulin-positive cells were rarely noted in the PT ducts in three SPK patients without islet autoimmunity, or in normal pancreata, and when present they did not co-stain for CK-19 (e.g., they did not appear to have ductal origin). There was a patient who had evidence of possibly early autoimmunity who rarely had insulin-positive cells in the ducts, and these did not stain for CK-19. This patient was normoglycemic, his biopsy did not show β-cell loss and only minimal insulitis, he had recently developed autoantibodies, and we detected autoreactive T cells in the circulation and pancreas/PT lymph nodes [23] . Thus, the presence of hyperglycemia and islet inflammation may be critical for triggering insulin synthesis in ductal cells. The link to chronic inflammation is also suggested by reports of similar phenomena in chronic autoimmune pancreatitis [37] and in several experimental models in which inflammation was a factor [38] [39] [40] [41] .
In conclusion, our findings suggest that ductal cells may participate in β-cell regenerative processes occurring in the transplanted human pancreas, in the context of hyperglycemia and recurrent autoimmunity. These may be critical stimuli to trigger pancreas remodeling mechanisms in the adult. Dissecting the mechanisms involved in these remodeling processes could lead to therapeutic exploitation [42] .
Treatment for T1DR
In Patients with Persistent C-Peptide and Biopsy-Demonstrated Insulin Staining
We have reported two instances of intervening therapeutically with immunosuppressive antibodies (polyclonal and monoclonal) in SPK recipients diagnosed with T1DR, in which there was evidence of persistent C-peptide circulating in the serum in response to a mixed-meal challenge, and the PT biopsy was notable for an islet infiltrate and the presence of insulin staining [10•] . The first such patient developed hyperglycemia 5 years after SPK transplantation. Retrospectively, he had GAD65 and IA-2 autoantibodies persisting following transplantation with rising levels prior to hyperglycemia. There was also evidence of circulating CD4 + T cells specific for GAD65 in the peripheral blood just prior to treatment, about 1 year after the return of hyperglycemia. The therapy included anti-CD25 monoclonal antibody (daclizumab, 1 mg/kg × 2 doses) and Thymoglobulin (polyclonal antibody, 1 mg/kg x 5 doses). Subsequently, levels of autoantibodies fluctuated, T cells with autoantigen specificity were undetectable for approximately 1 year, and C-peptide levels initially rose over the next 6 months. However, the patient remained on insulin, and C-peptide levels fell to undetectable levels after the autoreactive CD4 T cells returned to the peripheral blood later on follow-up [10•] .
The second patient became hyperglycemic 9.5 years after SPK transplantation. In this patient, anti-GAD65 and antiIA-2 autoantibodies became detectable after about 6 years after transplant, followed by hyperglycemia 3.5 years later. In this patient, CD8 + T cells reactive to IGRP-an islet cell autoantigen [43, 44] -were identified in the peripheral blood prior to immunosuppressive therapy [10•] . Drawing upon our previous experience, and the ultimate lack of efficacy with a T-cell-only designed approach, in this instance a single dose of rituximab (375 mg/m 2 , anti-CD20, a marker on B cells, monoclonal antibody) was added to the previous regimen of daclizumab and Thymoglobulin anticipating an effect on B cells and possibly autoantibodies. The autoantibody levels again fluctuated, the CD8 + T cells fell during the period of 1 year; the peripheral C-peptide levels initially increased, and yet this patient remained dependent on insulin injections; eventually, C-peptide levels became undetectable after the autoreactive CD8 + T cells returned to the peripheral blood [10•].
Re-Transplantation of the Pancreas in a Patient with Loss of both C-Peptide and Insulin Staining
We have reported one instance of re-transplantation of the pancreas following T1DR, based on total loss of C-peptide response in the context of a PT biopsy (obtained at the time of re-transplantation) and the complete absence of insulin staining in the islets; also there was minimal insulitis, suggesting that the active phase of recurrent disease had passed [10•] . This patient received a second PT approximately 1 year after developing hyperglycemia, after 5 years of euglycemic PT function. Levels of autoantibodies, both GAD65 and ZnT8 rose, approximately 3 months prior to hyperglycemia and were gradually falling at the time of retransplantation. CD4 T cells specific for GAD65 were present at the time of re-transplantation, before induction immunosuppression was given. Induction immunosuppression included daclizumab, Thymoglobulin, and rituximab; we also performed plasmapheresis in an attempt to reduce autoantibody levels. GAD65 autoantibodies were unaffected by plasmapheresis, but the levels of ZnT8 autoantibodies appear to have been reduced. Levels of both autoantibodies fell over the next year, although GAD65 autoantibodies rebounded soon after. Following re-transplantation, the patient became euglycemic for close to 3 years, but then was noted to express a similar autoimmune pattern to that which appeared just prior to his previous episode of T1DR. Levels of GAD65 and ZnT8 autoantibody rose sharply just ahead of the return to hyperglycemia and, furthermore, GAD65-specific CD4 T cells also became detectable in the peripheral blood. Subsequently, C-peptide levels fell to undetectable levels [10•] . Although the biopsy of the second PT revealed a significant cellular infiltrate consistent with acute and chronic rejection, it is important that recrudescence of these autoimmune responses preceded the loss of the second PT.
In Vivo Effect of GAD65-Specific CD4 T Cells GAD65-specific CD4 T-cell responses were obtained after in vitro culture with GAD65 peptide of peripheral blood cells from two of the above patients [10•] . Significant responses were noted, and we were able to purify these autoreactive T cells using class II tetramers, so that we had pure populations of CD4 T cells reacting against the GAD65 autoantigen. These cells were then cotransplanted with human islet cells from a different donor (HLA-mismatched) under the kidney capsule of an immunodeficient mouse. Controls included mice receiving human islets alone and mice receiving the same human islets along with irrelevant T cells from the same patients (in one case, T cells reacting with an influenza peptide; in the other, polyclonal cells that had not responded to a negative control antigen). After approximately 10 to 16 days, the injected kidneys were recovered and the tissue stained with hematoxylin and eosin, as well as double stained for insulin and glucagon. In these experiments, the human islets alone and the human islets with irrelevant T cells demonstrated good islet architecture and the expected pattern and abundance of insulin and glucagon staining. Sections from the transplants that received GAD65-specific autoreactive CD4 T cells revealed severely disrupted islet architecture and much reduced insulin staining. In one of these experiments, recipient mice had had diabetes induced by streptozotocin prior to receiving the transplant; diabetes was reversed in the mice that received islets alone or islet and irrelevant T cells, whereas the mouse that received islets plus the autoreactive CD4 T cells never returned to normoglycemia [10•] . Taken together, these experimental data with autoreactive T cells from patients who had developed T1DR demonstrate that such lymphocytes are capable of mediating damage to ß cells.
Evidence for Return of Memory T cells in T1DR
It has been hypothesized that the PT portion of an SPK transplant may mimic an antigen booster immunization, with recurrent T1DR an anticipated outcome. Because long-standing T1D is characterized by a specific lack of islet cells, it is possible that the transplant may induce a recall memory response, reactivating memory cells that possibly have been quiescent since the original onset of T1D many years prior. Memory cells have been linked to autoimmunity [45] . A role for memory cells is suggested in both spontaneous T1D [46] [47] [48] and in recurrence of hyperglycemia in islet cell transplant recipients [49•] . Our preliminary studies of TCR clonotypes in two of our patients [10•, 22] revealed that GAD65-autoreactive CD4 T cells expressing the same V-β chains (5.1 and 9) and identical or similar CDR3 sequences reappeared after immunosuppression. The persistence of autoreactive T cells against the same autoantigen, expressing the same or closely related TCR V-β chains, is consistent with a memory response associated with recurrent autoimmunity in our patients with T1DR.
Conclusions
Our ongoing studies provide evidence that recurrent autoimmunity is an important cause of diabetes in SPK recipients, usually after several years of PT function. In our series, the frequency of T1DR is similar to that of chronic rejection, and even some patients who resemble PTDM have evidence of islet autoimmunity. Thus, islet autoimmunity appears to be a factor in long-term function of PT grafts. Our experience in treating patients with T1DR using rational combinations of immunosuppression, the use of which is being implemented in clinical trials for T1D [50] , achieved only a transient depletion of these autoreactive T cells, marginal effects on autoantibodies, and possibly temporary preservation of C-peptide secretion. Building on literature and our own findings, we are pursuing studies to formally test the association of memory, autoreactive Tcell responses with T1DR, and to determine key functional features of the lymphocytes associated with this condition. This knowledge may allow the development of novel therapeutic designs to intervene in the disease process in a more effective fashion.
Ultimately, our studies are raising awareness of this important cause of diabetes following pancreas transplantation, and it is hoped that multiple PT centers will begin monitoring and studying recurrent islet autoimmunity. We also advocate that such studies could be more powerful and informative if multiple transplant centers could coordinate their efforts and share data, patient samples, protocols, and reagents, believing that collaboration will facilitate a better understanding of the causal factors of T1DR and hopefully lead to more effective therapies.
